INTRODUCTION
============

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, interstitial lung disease of unknown etiology. Since there are few effective therapies and the mortality rate is high, new treatments for IPF are urgently needed.^[@R1]--[@R6]^ Antiinflammatory therapy with corticosteroids or immunosuppressants fails to significantly improve the survival time of patients with IPF.^[@R7]--[@R10]^ Other pharmacological interventions, which include nintedanib,^[@R11]^ etanercept, warfarin, gleevec, and bosentan, remain controversial. Pirfenidone was approved by the European Medicines Agency in 2011 for the treatment of IPF.^[@R2],[@R12]--[@R14]^

There have been a number of clinical studies to evaluate the antioxidant *N*-acetylcysteine for the treatment of IPF, but these have produced conflicting results.^[@R1]--[@R6],[@R15]--[@R17]^ Bando et al^[@R1]^ found no significant differences in survival curves between IPF patients who were treated with *N*-acetylcysteine and those who received no treatment. The study was, however, an open case--control study in a single institute and the number of cases was small. Demedts et al^[@R3]^ showed that *N*-acetylcysteine (600 mg 3 times daily), added to standard therapy with prednisone and azathioprine, improved lung function in IPF patients compared with standard therapy alone. Homma et al^[@R4]^ indicated that *N*-acetylcysteine monotherapy may have beneficial effects in patients with early-stage IPF, and Tomioka et al^[@R6]^ demonstrated that *N*-acetylcysteine may delay disease progression.^[@R5]^ Significantly, however, the IPF Clinical Research Network found that *N*-acetylcysteine offered no significant benefit compared with placebo in IPF patients with mild-to-moderate impairment in lung function.

In view of the conflicting evidence, we have undertaken the 1st systematic review and meta-analysis to evaluate the efficacy of *N*-acetylcysteine for the treatment of patients with IPF.

MATERIALS AND METHODS
=====================

Searching Strategy
------------------

PubMed, EMBASE, Cochrane Central, and Google Scholar were searched in July 2014 by 2 independent researchers using the free text terms "acetylcysteine," "*N*-acetylcysteine," "NAC," "idiopathic pulmonary fibrosis," and "IPF." All studies that included potentially relevant information about *N*-acetylcysteine and the treatment of IPF were retrieved.

Inclusion criteria were as follows: studies that compared an *N*-acetylcysteine-treated group with a control group for the treatment of IPF; studies that reported outcome measures, including changes in pulmonary function tests (change in forced vital capacity \[ΔFVC\], change in percentage of predicted vital capacity \[Δ%VC\], and change in percentage of predicted carbon monoxide diffusing capacity \[Δ%DLco\]), changes in 6 minutes walking test distance (Δ6MWT), rates of adverse events, and rates of death; and articles published in English.

Quality Score
-------------

Whether the studies were of sufficiently high quality to be included in the analysis was evaluated by 2 independent researchers (CY and GY) and disagreements were resolved by a 3rd researcher. The quality of each study included in the analysis was assessed using the Cochrane Risk of Bias Tool for systematic reviews of interventions (version 5.0.1)^[@R18]^ and also using the Jadad scale.

Data Extraction
---------------

Data were independently extracted by 2 researchers and differences were resolved by discussion with a 3rd researcher. For all eligible articles, the following data were extracted from the original publication: year of publication, number of patients, study design, and outcomes.

Data Analysis
-------------

Statistical analysis for dichotomized outcomes was performed using odds ratio (OR) and 95% confidence interval (95% CI). Standardized mean difference (SMD) and 95% CI were used for statistical analysis of continuous variables. Outcomes were calculated using the reported *P* values; *P* *\<* 0.05 was considered to be statistically significant. The *I*^2^ statistic was applied to estimate heterogeneity. Statistical heterogeneity was present when *I*^2^ \> 30% or *P* ≤ 0.1; in this case, a random-effects model was used. A fixed-effect model was used when *I*^2^ ≤ 30% and *P* \> 0.1.^[@R18]^ Sensitivity analysis was performed using an exchanging effect model. All statistical analyses were conducted using Review Manager Version 5.0.1.^[@R18]^

RESULTS
=======

Search Identification and Selection
-----------------------------------

The database searches initially yielded 66 results. Duplicates (26) and animal studies (4) were excluded. Twenty-eight further studies were deemed irrelevant, based on the title or abstract, and were also excluded. Of the remaining 8 reports, 2 described the same clinical study, 1 lacked important outcomes, and 1 lacked a control group, leaving only 5 studies that met the predetermined inclusion criteria (Figure [1](#F1){ref-type="fig"}). All of the included studies were published in English.

![Study selection flow diagram of this meta-analysis.](medi-95-e3629-g001){#F1}

Study Characteristics and Quality
---------------------------------

The characteristics of the 5 selected studies are presented in Table [1](#T1){ref-type="table"}. The dataset includes 564 patients with a diagnosis of IPF, 286 patients in the *N*-acetylcysteine group and 278 patients in the control group. The quality scores of each study included in the analysis were assessed using the Cochrane Risk of Bias Tool^[@R18]^ and are described in Table [2](#T2){ref-type="table"}. The quality scores attributed to each study using a modified Jadad scale are described in Table [3](#T3){ref-type="table"}. The quality scores of the studies ranged from 2 to 7, with a mean of 3.9. A score of 1 to 3 is defined as low quality and a score of 4 to 7 is defined as high quality.

###### 

Main Characteristics of the Trials Included in the Meta-Analysis
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###### 

Risk of Bias Assessment for the RCTs Included in This Meta-Analysis
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###### 

Quality Scores by Modified Jaded Scale
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Conflicting Evidence
--------------------

*N*-acetylcysteine has recently received increased attention as a novel treatment for IPF. A number of studies have evaluated the efficacy and safety of *N*-acetylcysteine for the treatment of IPF, but with conflicting results.^[@R1]--[@R6]^ Two studies found that *N*-acetylcysteine provided no benefit and did not significantly improve the lung function of patients with IPF.^[@R1],[@R6]^ Demedts et al,^[@R3]^ however, showed that *N*-acetylcysteine had a beneficial effect on lung function in IPF patients and significantly delayed disease progression. They also found that triple therapy with prednisone, azathioprine, and high-dose *N*-acetylcysteine (600 mg 3 times daily) was more effective than *N*-acetylcysteine therapy alone. Remarkably, Tomioka et al^[@R6]^ suggested that although long-term administration of *N*-acetylcysteine as an aerosol may delay disease progression, it did not improve pulmonary function or quality of life. A study by the IPF Clinical Research Network showed that *N*-acetylcysteine has some beneficial effects in patients with early-stage IPF.^[@R5]^

The results of all of these trials should, however, be interpreted with caution since the low statistical power limits the interpretability of the findings.

Outcomes
--------

Because of the presence of heterogeneity, we used a random-effects model for the analysis of adverse events and death. We used a fixed-effects model for the analysis of ΔFVC, Δ%VC, Δ%DLco, and Δ6MWT. The decrease in %VC was significantly less in the *N*-acetylcysteine group than in the control group (SMD = 0.37, 95% CI: 0.13 to −0.62; *P* = 0.003) (Figure [2](#F2){ref-type="fig"}). The decline in 6MWT was significantly less in the *N*-acetylcysteine group (SMD = 0.25, 95% CI: 0.02--0.48; *P* = 0.04) (Figure [3](#F3){ref-type="fig"}). There were no statistically significant differences in ΔFVC (SMD = 0.07, 95% CI: −0.13--0.27; *P* = 0.52) (Figure [4](#F4){ref-type="fig"}) or Δ%DLco (SMD = 0.12, 95% CI: −0.06--0.30; *P* = 0.18) (Figure [5](#F5){ref-type="fig"}) between the treatment and control groups. There were also no statistically significant differences in the occurrence of adverse events (OR = 4.50, 95% CI: 0.19--106.41; *P* = 0.35) (Figure [6](#F6){ref-type="fig"}) or death (OR = 1.79, 95% CI: 0.3--5.12; *P* = 0.28) (Figure [7](#F7){ref-type="fig"}). The results of the meta-analysis (Table [4](#T4){ref-type="table"}) show no difference after sensitivity analysis using an exchanging effect model.

![Forest plot evaluating effects of acetylcysteine group on Δ%VC compared with control group. (Fixed model: 130 of acetylcysteine, 129 of control, SMD = 0.37, 95% CI 0.13--0.62, *P* = 0.003). CI = confidence interval, SMD = standardized mean difference, Δ%VC = changes in percentage of vital capacity.](medi-95-e3629-g005){#F2}

![Forest plot evaluating effects of acetylcysteine group on 6MWT compared with control group. (Fixed model: 148 of acetylcysteine, 146 of control, SMD = 0.25, 95% CI 0.02--0.48, *P* = 0.04). CI = confidence interval, 6MWT = 6-minute walk test, SMD = standardized mean difference.](medi-95-e3629-g006){#F3}

![Forest plot evaluating effects of acetylcysteine group on ΔFVC compared with control group. (Fixed model: 191 of acetylcysteine, 188 of control, SMD = 0.07, 95% CI −0.13--0.27, *P* = 0.52). CI = confidence interval, ΔFVC = changes in forced vital capacity, SMD = standardized mean difference.](medi-95-e3629-g007){#F4}

![Forest plot evaluating effects of acetylcysteine group on Δ%DLco compared with control group. (Fixed model: 242 of acetylcysteine, 232 of control, SMD = 0.12, 95% CI −0.06--0.30, *P* = 0.18). CI = confidence interval, Δ%DLco = changes in percentage of predicted carbon monoxide diffusing capacity, SMD = standardized mean difference.](medi-95-e3629-g008){#F5}

![Forest plot evaluating effects of acetylcysteine group on rate of adverse events compared with control group. (Random model: 177 of acetylcysteine, 177 of control, OR = 4.5, 95% CI 0.19--106.41, *P* = 0.35). CI = confidence interval, OR = odds ratio.](medi-95-e3629-g009){#F6}

![Forest plot evaluating effects of acetylcysteine group on rate of death compared with control group. (Random model: 286 of acetylcysteine, 278 of control, OR = 1.79, 95% CI 0.63--5.12, *P* = 0.28). CI = confidence interval, OR = odds ratio.](medi-95-e3629-g010){#F7}
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Clinical Outcomes of Acetylcysteine Group Compared With Control Group
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Publication Bias
----------------

Publication bias among the studies was assessed using funnel plots. The small number of studies, together with the low statistical power of these 5 studies, has limited the interpretability of our results and a relatively high publication bias is therefore present in this meta-analysis.

DISCUSSION
==========

The pathogenesis of IPF has been suggested to be linked to abnormal fibroblast response mechanisms.^[@R19]^ In our opinion, however, the etiology of IPF remains ill-defined and there are likely a number of risk factors, including heredity, environment, autoimmunity, viral infections, and gastroesophageal reflux.^[@R20]^ The 1st step in treating patients with IPF is to establish a definite diagnosis; multidisciplinary assessment is recommended to increase the diagnostic accuracy. Several clinical tests, such as high-resolution computed axial tomography, transbronchial biopsy, and histopathological tests, help to increase diagnostic accuracy.

Before treating patients with IPF, a number of factors need to be considered. These include prognostic factors, stage of IPF, complications, and comorbidities. Several therapeutic strategies should be combined. First, and most importantly, the patient should receive treatment for the IPF; second, risk factors that may aggravate IPF should be avoided; and third, attention should be paid to symptomatic and palliative treatment.^[@R21]^ It has been reported that patients with IPF may benefit from nonpharmacological treatments, such as home oxygen therapy, respiratory rehabilitation, lung transplantation, cell and gene therapy, and palliative care.^[@R19],[@R20]^ Pharmacological interventions for IPF are also receiving increased attention.^[@R1]--[@R6],[@R12],[@R13],[@R15]--[@R17],[@R19]--[@R25]^

We have, we believe, carried out the 1st meta-analysis to evaluate the efficacy and safety of *N*-acetylcysteine for the treatment of patients with IPF. Meta-analysis is an ideal statistical tool for increasing statistical power and is an important component of a systematic review, which provides more powerful evidence for clinical decision-making than a single clinical trial. The present meta-analysis seems to contradict the results of several previous clinical trials that demonstrated that IPF patients benefit from treatment with *N*-acetylcysteine. In our meta-analysis, treatment with *N*-acetylcysteine failed to provide benefits in terms of ΔFVC, Δ%DLco, adverse events, or death. ΔFVC and Δ%DLco are considered to be important indices for the evaluation of *N*-acetylcysteine treatment in patients with IPF. Whether some of the adverse events reported in the studies, including cough, fever, abdominal pain, respiratory failure, edema, increased C-reactive protein, increased blood glucose, dyspnea, and asthenia, are really drug-related "adverse events" or are, in fact, complications and comorbidities of IPF needs clarification in future studies. *N*-Acetylcysteine treatment was associated with a significantly smaller decrease in %VC and a smaller decline in 6MWT, compared with the control group. Our meta-analysis found no significant difference in adverse events or mortality between patients receiving *N*-acetylcysteine and the control group. This indicates that *N*-acetylcysteine is relatively safe for patients with IPF but, because of the small number of studies included, our results need to be validated by further studies.

The mechanism of action of *N*-acetylcysteine in the therapy of IPF is uncertain. One hypothesis, developed using animal models of pulmonary fibrosis, is that *N*-acetylcysteine increases the synthesis of glutathione, a potent antioxidant, and decreases the fibrotic response.^[@R20]^ A second hypothesis is that *N*-acetylcysteine-mediated downregulation of lysyl oxidase activity alleviates bleomycin-induced pulmonary fibrosis in rats.^[@R26]^ A 3rd suggestion^[@R27]^ is that *N*-acetylcysteine slows progression of IPF by inhibiting epithelial-mesenchymal transition.

There are several potential limitations of this meta-analysis, these include the use of different drug doses, low statistical power, high dropout rates, and significant clinical heterogeneity among the studies. The results of additional high-quality randomized controlled trials (RCTs) are thus needed to add weight to the analysis. We also failed to assess some meaningful end points because necessary data were lacking in the studies included in this meta-analysis. Only 5 trials were included in this meta-analysis, suggesting that a relatively high publication bias may exist. The control groups included no therapy, placebo, and bromhexine hydrochloride treatment, which introduces clinical heterogeneity into the studies included in this meta-analysis. In light of these considerations, additional high-quality RCTs are awaited to verify our findings and to provide the best clinical recommendations. Further studies should focus on a number of important issues, including disease stage, prognostic factors, drug dose, duration of dosing, drug combinations, statistical power of the study, and monitoring complications and comorbidities, as well as the cost of *N*-acetylcysteine therapy for patients with IPF.

CONCLUSIONS
===========

The limited evidence currently available suggests that *N*-acetylcysteine has a significant effect only on decreases in VC and 6MWT and fails to significantly reduce changes in FVC, changes in DLco, adverse events, or death. *N*-acetylcysteine should, therefore, not be recommended for routine treatment of patients with IPF until additional high-quality RCTs have been performed. Our results need to be interpreted with caution because of the heterogeneity and low statistical power of the studies included in this meta-analysis.

Abbreviations: CI = confidence interval, IPF = idiopathic pulmonary fibrosis, OR = odds ratio, RCT = randomized controlled trial, SMD = standardized mean difference.
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